Phytochrome from etiolated oat seedlings (Avena sativa L.) was investigated by "native" gel electrophoresis and by isoelectric focusing. At pH 8 . 8 the Pfr form migrated faster than the Pr form in electrophoresis. We assume a difference in the surface charge rather than a difference in shape for the phytochrome forms. This assumption was confirmed by isoelectric focusing which clearly showed relatively more negative charge in the Pfr form than in the Pr form. The role of the peptide region from residue 323 to 360 is discussed in this connection. It carries 9 negatively charged residues, it is exposed only in the Pfr form and it has already been described as a signal region for rapid protein degradation (PEST sequence, see Rogers et al., Science 234, 364-368, 1986). The experiments on electrofocusing revealed a microheterogeneity of phytochrome which was present in the native state as well as in the completely unfolded state. The most probable reason could be either posttranslational modification or genetic polymorphism of phytochrome in oat.
Introduction
P hytochrom e is the m ain p h o to re c e p to r for lightd ep e n d en t developm ent and differentiation in higher plants [1, 2] . A characteristic fea tu re is its p h o to reversibility: The Pr form is p h o to tra n sfo rm e d into the Pfr form ; optim um conversion occurs with red light. T he back rea ctio n , Pfr -> P r, can best be achieved w ith far-red light. red far-red 4 i P r Pfr -» physiological responses P hotoreversibility of p hytochrom e can be o b served in vivo and in vitro. Since form ation of Pfr in vivo is directly connected w ith light-dependen t phys iological responses, only Pfr is considered as physio logically active. D ifferences betw een Pr and Pfr, d e tectable in vitro, have been investigated in several laboratories [3] [4] [5] , W e w ere able to d em o n strate re cently the specific exposure of glutam ate-354 only in the Pfr form (not in the Pr form ) of o at phytochrom e [6 ] . T he region around E-354 (L-324 to 0 -3 6 0 ) has been estim ated as P E S T sequence, i.e. a signal se quence for rapid protein tu rn o v er w hich is rich in proline, glutam ic and aspartic acid, serine and Abbreviations: DTT. Dithiothreitol; Pfr, far-red absorbing form of phytochrome; Pr, red-absorbing form of phyto chrome; SDS, sodium dodecyl sulfate; Tris, Tris(hydroxylmethyl)aminomethane.
Verlag der Zeitschrift für N aturforschung, D-7400 Tübingen 0341 -0382/89/0100 -0012 $01.30/0 th reo n in e [7] , If not only E-354, but this w hole re gion w ere exposed upon Pr -> Pfr tran sfo rm atio n , th e high n u m b er of 9 acidic am ino acids in this region should change the n etto charge of p h y to ch ro m e during photoconversion. W e th erefo re investigated phy to ch ro m e in both form s by electro p h o resis and electrofocusing.
Materials and M ethods
P hytochrom e (124 kD a) was isolated from 3.5 day-old etio lated o at seedlings (A ven a sativa L ., cv. P irol, B ayw a, M unich, F .R .G .) as previously d e scribed [8 ] . T he specific absorbance ratio A 66(/ A 28o of th e p rep aratio n s used in the presen t study was b e tw een 0.90 and 0.99. D iscontinuous und en atu rin g gel electro p h o resis was p erfo rm ed w ith stacking gels of 2.5% (w/v) acrylam id e, 125 mM Tris-H C l pH 7.8, 3% (v/v) glycerol and sep aratin g gels of 4% or 4 -8% acrylam ide (w/v) in a linear g rad ien t, 375 mM Tris-H C l pH 8 .8 , 3% (v/v) glycerol. T he electrode buffer was 25 mM T ris, 192 mM glycin, pH 8.3. P hytochrom e sam ples w ere irrad iated w ith red or far-red light to satu ratio n ; glyc erol (final co ncentration 15% , v :v ) and brom op h en o l blue (final conc. 0 .0 0 2 % , w/v) w ere ad d ed to th e sam ple which was then applied to the gel. S ep aratio n was carried out in the d ark at 4 °C. T h e gel was then stained with Coom assie brillant blue R 250 (0 .2 % , w/v) in destaining solution. This solution co n tain ed acetic acid/m ethanol/w ater (7 :4 0 :5 3 , v :v :v ) .
Isoelectric focusing was p erform ed in agarose gels. F o r p rep a ra tio n of the gel, 0.24 g agarose IE F (P h a r m acia) and 2 . 8 8 g sorb ite w ere dissolved in 2 1 . 6 ml boiling w ater. A fter cooling of the clear solution to 65 °C, 1.5 ml carrier am pholyte (eith er Servalyte or P harm aly te, pH range as indicated in the single ex p erim en ts) and D T T (final conc. 0.13 itim) w ere a d d ed u n d e r stirring. T he w arm solution was im m ediate ly filled into a casting fram e consisting of two glass plates w ith a p o lyester sheet (Serva) m ounted w ith w ater on one plate and a G el-Fix for agarose sheet (Serva) sim ilarly a ttac h ed to the o th e r plate. T hese w ere divided by a 0.75 mm thick, U -shaped silicone g asket. A fter cooling and hardening of the gel, the casting fram e was rem oved and the gel was equili b ra te d w ith w ater v ap o r (hum id, closed box co n tain ing a w ater sa tu ra te d atm o sp h ere) for about 1 2 h at 4 °C. S eparation was perfo rm ed using a M ultiphor ch am b er II (LK B , G räfelfing, F .R .G .) and a pow er supply with V x h in te g rato r (B achofer, R eutlingen, T yp E 532). T he cooling plate was th e rm o stated to 10 °C or 15 °C. T he electrode solutions w ere 1 m sodium hydroxide as catholyte and 0 . 1 m acetic acid as anolyte. W hatm an 3 mm filter p a p e r was cut into strips and m o istened w ith the electro d e solutions. It was used in double layer as electro d e wicks. B efore focusing excess w ate r was rem oved from the surface o f th e gel by placing one sheet of filter p ap er (N o. 577 Schleicher and Schüll) on the gel surface for 30 sec. K erosene was used betw een the su p p o rt sh eet and the cooling plate to facilitate heat tran sfe r from the gel. T he in te rele ctro d e distance was a p p roxim ately 10 cm. P hytochrom e sam ples in 10 mM potassium p h o sp h a te buffer, pH 7.8 w ere applied to th e gel 1 -2 cm from the cath o d e in slots of silicone ap p licato r strips (Serva). A t the beginning of the focusing run, the voltage was fixed at 300 V for 30 m in in o rd e r to rem ove small ions. T he pow er supply was th en fixed at 10 W /2000 V for gels o f the size 24 x 12 cm in dim ension. Focusing was finished at ab o u t 4000-6000 Vxh. If req u ired , the p H g ra d ie n t was m easu red at the end of the run using a pH surface electrode. A ltern ativ ely , the pH grad ien t was d o cu m en ted in th e stained gel by p i-m arker proteins (P h arm acia). F ixation and staining was p erfo rm ed according to O lsson and L ääs [9] . F or isoelectric focusing w ith u rea , am pholyte and D T T (final conc. 1.3 mM) w ere added to agarose/ sorbite solution as above. A fte r cooling below 50 °C, 1 1 . 6 g u rea w ere dissolved in the m ixture according to [9] . The fu rth e r p ro ced u re was as above but the gel was not cooled below + 1 0 °C in o rd e r to avoid crystallization of urea. T he sam ples w ere in this case dissolved in 8.9 m urea containing 1.3 mM D T T . In this case cooling te m p eratu re was set on 5 °C. F ocus ing was finished at about 4000-5000 Vxh.
SDS polyacrylam ide electro p h o resis was p e r form ed according to Laem m li [10] .
Results
For investigation of the Pr and Pfr form s of phy to ch ro m e, electrophoresis h ad to be carried o u t in the dark in o rd er to preserve the respective form . A s show n in Fig. 1 , the Pfr form m igrates faster at pH O n e possible reason is m icroheterogeneity of p h y to chrom e (see below ). A n o th e r reason could be the dim eric n atu re of phytochrom e. V an der W oude [11] has p o in te d o u t th a t the follow ing species have to be expected: P rP r, P rP fr, PfrPfr. If we assum e th at our p h ytochrom e bands contain only dim eric p h y to ch ro m e, we w ould expect P rP r in lane 1 and m ainly P frPfr w ith som e P rP fr in lane 2. This fact m ight co n trib u te to the p o o r separation of Pr from Pfr. W e th e n investigated phytochrom e by isoelectric focusing. T he results ( Fig. 2 and 3 ) confirm ed our hypothesis of different surface charge of both phy tochrom e form s: the isoelectric point for Pfr is in the range pH 5 . served d ifference fu rth e rm o re confirm ed o u r p ro p o s al th at Pfr contains m o re acidic groups (o r negative charges at n eu tral p H ) th an P r at th e surface. It should be m en tio n ed here th a t the p hytochrom e sam ple has to be applied to the gel after pre-focusing at pH > 7; otherw ise p h y to ch ro m e seem s to be den atu ra ted so th a t eith er no phy to ch ro m e p ro tein or only p art of it m igrates to the correct position. S urprisingly, the result was som ew hat d ifferen t for several ca rrie r m aterials. A s show n in Fig. 3 , only diffuse b ands w ere o b tain ed w ith P h arm aly te w h ere as several sh arp bands w ere o bserved w ith Servalyte (Fig. 2) . T his difference for w hich we have no ex pla nation is rep ro d u cib le.
In o rd e r to check th e possible h etero g en eity o f p h y to ch ro m e, we investigated u rea -d e n atu red phytochrom e by isoelectric focusing next. A ny h etero g en eity caused by aggregation o r different conform ers should d isap p ear after com plete u n fo ld ing of the p ep tid e chain. W e ex pected th e re fo re that 
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th e difference betw een Pr and Pfr should disappear u n d er th ese conditions. D eterm in atio n of the ab so rp tio n sp ectra revealed th a t Pfr is com pletely dena tu re d b ut the P r form is n o t d en a tu red in 8 m urea (see Fig. 4 ). C om plete d e n a tu ratio n required irradi atio n of th e solution of P r in 8 m urea. H igher resist ance o f P r than of P fr against denaturation by m edium u rea con cen tratio n s had already been d e scribed by B u tler et al. [12] for the 60 kD a fragm ent and by T h ü m m ler [13] fo r th e 114/118 kD a fragm ent of p h y to chrom e; co n trary to the presen t results with 124 k D a ph y to ch ro m e, com plete denaturation by 8 m u rea h ad been achieved w ith each fragm ent even in th e P r form . C o m p letely u nfolded phytochrom e shows the sam e p a tte rn of bands in isoelectric focusing for Pr and P fr (see Fig. 5 ): T w o bands of m edium intensity (1 and 2) are follow ed w ith decreasing pH by two m a jo r b an d (3 and 4) and a n o th er strong band (5); tw o m in o r bands are close to ( = 6 ) and som ew hat d istan t from ( = 7) band 5. C arbam ylation which can easily o ccur in 8 m u rea was avoided here by D T T ; this was checked by in d e p en d e n t control experi m en ts (n o t show n). Isoelectric focusing with Pharm alyte yields also in u rea containing gels only one diffuse b an d over th e sam e pH range (not shown). In o rd e r to exclude any artefacts which could be form ed d u ring isoelectric focusing, the gel section with the p h y to ch ro m e bands w ere cut ou t and applied to a refocusing gel. Fig. 5 clearly shows th at the n u m b er o f bands is n o t changed by refocusing; the single bands k eep th e ir position and o rien tatio n also in the second dim ension. W e excluded also th e possibility th a t partial proteolysis could lead to th e observed heterogeneity: SDS gel electro p h o resis clearly show ed th a t all bands have the sam e ap p a ren t size of 124 kD a (Fig. 6 ) .
W e checked fu rth e rm o re also th e possibility th at h etero g en eity was in tro d u ced during the purification p ro ced u re. F o r this p u rp o se, u rea was ad d ed to crude extracts from 2 varieties of o at (A ve n a sativa L. var. G arry and var. P irol); the sam ples w ere then im m ediately applied to th e focusing gel. A s show n in Fig. 7 , th e sam e p attern of p h y to ch ro m e-b an d s as for isolated p h y to ch ro m e was d etected in th e im m unoblot of th e crude extract w ith m onoclonal antibodies directed against p h ytochrom e. O ne reason for different m igration in elec tro phoresis w ould be a difference in the ap p a ren t size of the m olecules. In this case, Pfr should have an apparently sm aller size than Pr. W e consider this possibility unlikely for the follow ing reason: L agarias and M ercurio [4] had found a higher reten tio n tim e for Pr than for Pfr in size exclusion ch rom atog rap h y ; they discussed an app aren tly larger m olecular vol um e for Pfr th an for Pr. This was confirm ed by Jones and Q uail [14] for phytochrom e in T ris-buffer in the pH range 7.2 to 9.2; no difference b etw een Pr and Pfr was found at pH 6.2. It is highly unlikely th at photoconversion leads to co n fo rm atio n al changes re sulting in a different shape for Pfr and Pr in such a way th a t an apparent larger size for P fr is found by size exclusion chrom atography and an ap p aren t sm aller size for Pfr is found by electro p h o resis in the sam e buffer. So far d etected co n fo rm atio n al differ ences betw een Pr and Pfr seem to involve only ce r tain p arts of the peptide chain [3] [4] [5] [6] 15] . It is anyhow q u estio n ab le w hether this could cause a significantly d ifferen t overall shape of the phytochrom e m olecule.
A n altern ativ e explanation for the observed differ ence b etw een Pr and Pfr could be a difference in the surface charge as outlined in the Introduction. A higher negative net charge of Pfr, com pared with Pr w ould explain all observations discussed above, nam ely faster m igration of Pfr than of Pr in elec tro p h o resis and in size exclusion chrom atography at high p H as well as lack of any difference at low pH .
T h e electrofocusing experim ents confirm ed the higher negative charge of Pfr com paring w ith Pr. T his had not been rep o rted before. H unt and P ratt [16] used partially degraded phytochrom e (114/ 118 k D a fragm ents) which had been eluted from an im m uno-affinity colum n with 3 m Mg Cl2; this tre a t m en t leads to spectral denaturation [17] , It is th e re fore n ot surprising th a t these authors did not find any d ifference betw een Pr and Pfr during electrofocus ing. V ierstra and Q uail [17] investigated only SDSd e n a tu re d phytochrom e by electrofocusing; th e re fo re th ey could not detect any difference betw een Pr and Pfr.
A h ig h er negative net charge of Pfr could eith er m ean th a t positive charges which are at the surface of Pr d isap p ear during photoconversion or, altern ativ e ly, th a t negative charges which are in the in terior p a rt of th e peptide chain in Pr becom e exposed upon p h o to co n v ersion to Pfr. D ifferentially exposed re gions of Pr and Pfr have recently been localized [6 ] . T h e N -term inal region (am ino acids 1-70) which is preferen tially exposed in the Pr form contains 8 basic an d 1 0 acidic residues; it is therefore no candidate for in d u ctio n of a differential surface charge. O ne region which is exposed only in the Pfr form has been localized around K-753; it is not know n, how ever, how far this region is extended to eith er one or both sides from K-753. The region from residue 743 to resid u e 763 contains 3 acidic and 4 basic residues, the region from residue 733 to residue 773 contains 5 acidic and 5 basic residues. This region is th erefore also an unlikely candidate for differences in the sur face charge. H ow ever, the region from the tetrapyrrole ch ro m ophore (at C-322) to E-354 contains only o n e basic residue, nam ely H-323 close to the tetrap y rro le chrom ophore and 9 acidic residues. Since this region is exposed only in the Pfr form [6 ] one expects m ore negative surface charges in the Pfr form than in the Pr form . The present results of elec tro p h o resis and isoelectric focusing confirm this hypothesis.
D ifferences b etw een Pr and Pfr are often co nsider ed u n d er the aspect of possible biochem ical and physiological function of Pfr. O n e of the signal func tions o f Pfr from etio lated plants is the start of phy to ch ro m e d estru ctio n . R ogers et al. [7] considered phy to ch ro m e as a p ro tein w ith rapid tu rn o v er and describ ed the region 322 to 360 as PEST sequence ch aracteristic for pro tein s which are rapidly tu rn ed over. T hese au th o rs did not consider the stability of Pr and th e start of d estruction only after Pfr fo rm a tion. O u r p resen t findings raise the general question w h eth er P E S T sequences have to be exposed at the pro tein surface in o rd er to exhibit th eir signal func tion fo r pro tein d eg rad atio n ; in this case the different stability of Pr and Pfr could be und ersto o d . W e have describ ed a n o th er P E S T sequence for phytochrom e from etio lated o at seedlings at residues 537-547 [18] . This region, co n trary to th e region n ear to the ch ro m o p h o re is n o t conserved, as a PEST sequence, how ever, in phyto ch ro m e from etio lated cucum ber seedlings [19] . It shall be in terestin g to know w h eth er e ith e r one of the indicated P E S T sequences will be fou n d in the so-called "g re e n " or type II p h y to ch ro m e which is found in green plants and does not show any Pfr d estru ctio n [20] .
A n o th e r aspect o f exposure of m any negatively ch arg ed groups up o n Pfr form ation is the possible interactio n w ith divalent m etal ions. It is well known th a t the Pfr form tends to form large, insoluble aggregates in th e p resence o f M g2+ or C a2+ ions [21] . T h e P r form does n o t show this p roperty. A lthough it is n o t clear w h eth e r this in vitro pelletability is so m e how related to pelletability in vivo [2 2 ] the exposure o f negative charges could possibly co ntribute also to in vivo processes of seq u esterin g and finally to redis trib u tio n of p h y to ch ro m e in the plant cell [23] .
T h e reason fo r the o bserved m icroheterogeneity of ph y to ch ro m e is still unknow n. M icroheterogeneity m ay be the reason for relatively b road bands in "n a tiv e" electro p h o resis. Since sharp bands at 124 kD a are o b tain ed in SDS gel electro p h o resis, all isophy to ch ro m es m ust have th e sam e size. Since h etero g e neity by isoelectric focusing is not only found in the native p ro tein b ut also in com pletely unfolded phy to ch ro m e we can exclude h etero g en eity due to only different co n fo rm ers o r aggregates. W hereas previ ously d etec ted h etero g en eity of 60 k D a p h y to chrom e fragm ents [24] could have been caused by
